The instability behaviour of several supported liquid membranes (SLMs) has been studied for a system in which nitrate ions are removed from an aqueous feed phase and concentrated in a stripping phase. The composition of the aqueous phases and of the membrane liquid has been determined after the aqueous phases had flowed parallel to the membranes for a period of six days. From the experimental data it can be concluded that SLM-failure results from the removal of LM-phase from the support. Contrary to literature data this is not caused by an osmotic pressure difference. It is shown that the membrane stability depends largely on the type of solvent and the molecular structure of the carrier. Furthermore the membrane stability increases with an increasing salt content in the stripping phase (at constant composition of the feed solution).
Introduction
The use of SLMs for the selective removal of ions from aqueous solutions is very promising because of the high selectivity and the relative high flux values which can be obtained. However, in practice only a few SLM-systems are being applied, since the stability of the membranes is insufficient and therefore the lifetime of the membranes unpredictable.
In spite of the fact that in the last few years the instability problem has time and again been mentioned [ 1,2], little systematic research has been done to find the causes of this instability.
At the same time there is a fair number of observations on the consequences resulting from the instability problem. Two types of SLM instability effects can be distinguished. In the first place there is the problem of a decline in permeability as a function of time [ 3-101, which is generally ascribed to the loss of carrier from the membrane phase [3, 4, 11] . In the second place a "break down" of the system can be observed, which means that a direct transport between the two water phases is taking place [6, . The period of time after which such instability effects are observed can vary from some minutes to several months (in a very few cases). This depends particularly on the type of solvent [5, 11] and on the support used [12, 13, 16, 17] . It is remarkable that in Ref. 
Causes of SLM-instability
It is evident that the solubility of components from the LM-phase into the aqueous phases causes SLM-instability effects. Apart from this it is also possible that the LM-phase is pressed out of the pores of the support because of a pressure difference over the membrane. The maximum acceptable pressure difference which a membrane can resist is given by the Laplace equation. However, in practice it appears that even by preventing LM-components to dissolve into the aqueous phase and by an absence of a pressure difference over the membrane, instability effects do occur.
Two different research groups [l&19] describe the degradation mechanism of SLMs with the same model. They proposed a mechanism in which the degradation of the supported liquid membranes results from an osmotic pressure gradient. Fabiani et al. [19] describe the determination of water transport through a liquid membrane as a result of an osmotic pressure gradient (dz) over the membrane. They found that the water transport increases with an increase in AK. They concluded that the water flow through the membrane induces a repulsion of the LM-phase out of the pores of the support which causes the SLM to degenerate. Danesi et al. [ 181 investigated the correlations between different physical variables and the stability of SLM-systems. The (salt) permeation and the water transport measurements showed that no water transport occurs when stable SLMs are used. Furthermore they concluded that when the LM-phase can dissolve a large quantity of water and when additionally an osmotic pressure difference is present, transport of water will take place. Apart from these observations stable SLM-systems are characterised by high interfacial tensions between the aqueous-and LM-phase, small contact angles of drops of aqueous phase in contact with SLMs and a low solubility of water in the LM-phase.
The most important objection against the "osmotic pressure model" is that the results do not prove in any way that the LM-phase is expelled by an osmotic water flow. Another explanation which agrees with the phenomena observed is that the (osmotic ) water flow is the result of the removal of the LM-phase from the support by a different primary cause.
Another article dealing with the causes of SLM-instability has recently been published by Takeuchi et al. [ 201. In this article a study of the instability behaviour of SLMs with different solvents is given. They determined a socalled "water leakage" based on the leakage transport of ions through the membrane. From the results it was concluded that the stability varies notably with the solvent type and decreases roughly with decreasing interfacial tensions. Furthermore the instability increases with an increase of the flow velocity of the aqueous phases along the membrane and by an increasing hydrostatic pressure gradient over the membrane. The pressure differences applied are substantially smaller than the breakthrough pressures which are needed to expel the absorbed LM-phase from the pores and which can be calculated from the Laplace equation. An explanation for these phenomena was found in the replacement of the LM-phase by the water phase, in which the small pressure differences used facilitate the penetration of the water into the pores. However, the instability mechanism has not been formulated clearly and the relationship between SLM-stability and interfacial tensions is not unambiguous.
From these literature data it appears that until now a consistent model describing the degradation mechanism is missing. However, a breakthrough of the SLM technique such that it can be applied on a practical scale needs a better understanding of the mechanism of SLhi degradation. From the studies performed until now it is clear that this will be a difficult and complex investigation because of the large number of variables that are involved. Danesi et al. [ 181 illustrates this by calling it a "painful and often frustrating work".
In this paper a start is made with a systematic investigation of the instability factors. The strategy followed will be to make an inventory of instability effects first and then, on the basis of these results, to develop a theory which will be tested afterwards.
Based on the literature data mentioned above we studied the influence of the compositions of the aqueous phases and the membrane phase on SLM-instability. We also measured some physical properties of our system with the purpose to investigate the relevance of these properties to SLM stability. So the effect of solvent viscosity, the solubility of water in the LMphase and the interfacial tensions between the LM-phase and the aqueous phases were determined in addition to actual nitrate enrichment measurements.
In order to approach the practical conditions and to get as much information as possible we modified our experiments compared to the permeation measurements normally described in literature. These modifications are: l the feed volume is much larger than the volume of the stripping phase (as is the case in practical situations); l the aqueous phases are flowing parallel to the membranes day and night; l apart from the determination of the concentration of the permeating ions in the feed we also determine the concentration of counter ions in the feed, l at the end of the experiment the membranes are analysed and the amount of carrier and solvent which has been removed from the membrane is determined.
Experimental
The stability of a number of liquid membranes that are suitable for the removal of nitrate ions from water, has been studied. A description of the transport mechanism has been given earlier [21].
Materials Carrier
Two different lipophilic quaternary ammonium compounds are used as carriers: tetraoctyl ammonium bromide (TeOA, Fluka) and trioctylmethyl ammonium chloride (TOMA, Fluka). The first compound was used for studying the transport mechanism [21] while the second compound is frequently applied to the extraction of anions from an aqueous solution [ 22,231.
Solvent
The following 4 compounds have been used as solvents: decanol ("Gold Marke"; Aldrich), dibutylphtalate (DBP; Merck), dioctyladipate (DOA; Merck) and o-nitrophenyloctylether (o-NPOE; Fluka). These solvents have been chosen out of a series of solvents with an extremely low solubility in water of less than 0.01 w/w%; only in the case of decanol a more precise solubility value of 0.037 g/l is given in the literature [ 241. These solvents have a low volatility, a viscosity lower than 20 CP and they are able to dissolve the carrier sufficiently (at least to an extent of 0.2 M).
All chemicals have been used without further purification.
Support
Flat sheet Accurel@, microporous poly propylene membranes (Enka) have been used as supports. The thickness of the supports was approximately 100 pm, the porosity 69% and the average pore size was 0.1 pm. 
Membrane preparation
The SLMs have been prepared by soaking the support for at least 15 min in a 0.2 M carrier solution in one of the solvents mentioned. Before using the membranes the attached liquid was removed from the surfaces of the support by wiping it with a tissue.
Methods

Viscosity measurements
The kinematic viscosities of the solvents and the LM-phases were determined with an Ubbelohde viscometer. For the calculation of the dynamic viscosities we also measured the densities of the LM-phases with a digital density meter (Parr DMA 50). All measurements were performed at 25' C.
Solubility of water in LM-phase
Equal quantities of LM-phases (or solvent only) and feed or stripping phase were brought in contact intensively by shaking in a test tube during two hours. The mixture was at rest during three days, in order to establish an equilibrium and to let the phases separate, before samples were taken from the organic phase with an injection syringe. The water content of these samples was analysed according to the KarlFischer method.
Interfaciul tension measurements
Interfacial tensions were measured by the Wilhelmy plate technique as described elsewhere [25]. The effect of the composition of the aqueous phase on the interfacial tension was investigated by measuring the interfacial tension values against double distilled water and also against a solution of 4.0 M NaCl. Before the measurements were executed the two liquids were equilibrated by bringing them in contact in a beaker during one night. The interfacial tension was determined from the "maximum pull" by moving the Wilhelmy plate upwards through the interface. For the measurements ultraclean plates were used which were wetted completely by the heaviest, lower liquid phase. So the contact angle at the plate for the lower liquid was zero during the measurement. This means that for those systems in which the water phase was the lower phase a glassplate was used, while for the other systems a glassplate covered with a gold layer was used.
Analytical methods
The chloride and nitrate concentrations in the feed were determined by HPLC as described in Ref.
[ 211. The nitrate content in samples of the stripping phase was analysed spectrophotometrically at a wavelength of 420 nm. First the nitrate ion was reduced to nitrite with sulphuric acid and then complexed with sodium salicylate.
The concentration of the carrier in the membrane was quantitatively determined by the method described by Itoh et al. [ 221. For this purpose the LM-phase from the membrane was dissolved in chlorobenzene. After an anion exchange step with the PAR-ion [ 4-(2-pyridylazo)resorcinol] in aqueous solution at pH 10, the concentration of the carrier-PAR complex was determined spectrometrically at a wavelength of 395 nm.
Nitrate enrichment experiments
Nitrate enrichment experiments were performed by flowing a feed aqueous phase with a volume of 4.1 litre and a sodium nitrate concentration of 0.004 M parallel to the membrane. An aqueous 0.5 M or 4.0 M sodium chloride solution with a volume of 0.13 litre was used as the stripping phase.
Preliminary measurements showed that for the SLMs with decanol and DBP as solvent the removal of LM-phase from the support was considerable. In these cases the aqueous phases were saturated with the LM solvent before starting up the experiment to prevent the removal of the liquid membrane by solution effects. This was done by adding 0.5 ml organic solvent per litre to the water phase under stirring. An organic phase in contact with the water phase was constantly visible during the experiment because of this large excess. The experimental set up is given in Fig. 1 .
To prevent hydrostatic pressure differences over the membrane during the experiment, the inlet-openings of the aqueous phases to the buffer vessel containing stripping phase and to the stock vessel containing feed were kept at the same level. The flow velocities of the aqueous phases along both sides of the membrane were also kept equal to a value of 5.5 ml/ set with the use of "tubing pumps" (Masterflex@ ). The measurements ran 24 hr per day in a thermostated room at 25 o C. Feed-samples of 1 ml were taken regularly and analysed to obtain the chloride and nitrate content. Likewise the nitrate content of the stripping phase was determined spectrophotometrically to control the mass balance.
From the decrease in nitrate content in the feed with respect to the initial concentration ( -d [NO; ] ) and the increase in chloride concentration in the feed (d [Cl-] ) during the experiment a counter transport factor CTF was calculated:
This factor can be used as a measure for the direct (leakage) transport of chloride ions through the membrane.
Before starting the experiment the masses of the different membranes were determined. After 6 days the experiments were stopped and the centres and the borders were separated (by cutting the centres out of the membranes) and the carrier concentrations and the masses of these membrane parts were determined. The removal of solvent and carrier during the experiments both for the border part and for the centre part of the different membranes can be calculated from the changes in carrier concentrations and the masses determined. The special marks indicate the moment at which a counter transport factor larger than 1 is measured. This means that at this time a direct diffusion transport of chloride ions from the stripping phase to the feed phase occurs through leaks in the LM-phase. Because of these leaks the chloride concentration in the feed can increase to such an extent that an accurate nitrate determination with HPLC is not possible any more.
Results and discussion
Nitrate concentration in the stripping phase
To illustrate that we are dealing with a process in which nitrate ions are being concentrated some stripping phases were analysed. Because more nitrate is removed from the feed in the experiments with 4.0 A4 NaCl in the stripping phase than with 0.5 it4 NaCl, the nitrate content in 2 stripping phases with a composition of 4.0 M NaCl was determined. Based on the spreading in results of duplicated measurements the error in these spectrometric nitrate determinations are rather large and the errors have been estimated to 2 10 miV. These errors are caused by the presence of large amounts of chloride ions, which disturb the quantitative nitrate determination. Figure 3 shows the nitrate concentration in the stripping phase for the experiments with TeOA as carrier and decanol and o-NPOE as solvents (experiments 4 and 1 in Fig. 2B ).
When comparing the change in nitrate concentration in the stripping phase (Fig. 3) with the decrease in nitrate concentration in the feed for the same systems (Fig. 2) it appears that the increase in nitrate content in the stripping phase agrees quite well with the decrease in nitrate concentration in the feed multiplied by the volume ratio factor (31.5). The leakage behaviour of the membrane using decanol as solvent is illustrated also in this curve. It can be concluded that the nitrate that is removed from the feed is indeed concentrated in the stripping phase. Figure 4 shows the countertransport factors for the different SLM-systems as a function of time.
Counter transport factor (CTF)
In Ref.
[21] we found that the transport mechanism prescribes an equimolar ion exchange between the carrier-nitrate complex and the chloride ion, which means that a counter transport factor of 1 should be expected. It appears that this value is being exceeded for 5 systems after some time. This means that a direct diffusive chloride transport from stripping phase to feed occurs through leaks in the LM-phase. For the other systems no leakage takes place.
Removal of LM-phase
Immediately after finishing the experiments the masses of the membranes (centres and border area) were measured. In Table 1 the removal of LM-phase is given for the different membranes at the two different compositions of the stripping phase. For both the border and the centre area of the membrane the percentages of solvent and carrier that were removed are recorded. These data will be discussed in the general discussion.
Visual observations
For a number of experiments, transport of water from the feed to the stripping phase could be observed after some time. This could be noticed by an increase of the volume of the stripping phase in the buffer vessels which resulted in an overflow. It was often accompanied by a slight bulging of the membranes to the feedside. The membrane deformation is caused by the hydrostatic pressure difference due to the transport of water. This phenomenon was only noticed for those SLMs which showed chloride-leakages (on account of an increasing countertransport factor). The time at which the osmotic water transport was observed coincided with the moment at which the deviation of the counter transport factor value from 1 was measured.
From the transparency of the membrane it could also be seen that during the experiment LM-phase is removed from the support. This gives the opportunity to get a qualitative impression of the stability of the membrane. The membranes with an aromatic solvent (o- NPOE and DBP) provide a transparent membrane at the moment the LM-phase is added to the support. The SLMs with decanol and DOA as solvents are somewhat less transparent at the start. During the experiments the SLMs are generally becoming less transparent due to a partial removal of LM-phase out of the support. It was noticable that always the border of the membrane was less turbid than the centre, indicating that more LM-phase is removed from the centre of the membrane than from the border.
Physical properties
The viscosities, water solubilities in the LMphase and the interfacial tensions of the different organic (LM) phases against aqueous phases are given in Table 2 .
Viscosity
The results of the viscosity measurements (given in Table 2) show that the viscosities of the different organic phases are of the same order of magnitude. As could be expected the viscosity increases when carrier is added to the organic phase; TeOA has a larger effect on the viscosity increase than TOMA. Table 2 shows that in general the solubility of water in the organic phase increases when carrier is present. This is probably caused by the hydration of the carrier molecules. The higher increase in water solubility with TOMA than with TeOA can be explained by the larger interaction that can occur between water and TOMA-molecules than between water and TeOA-molecules. Because of the presence of one methyl group in the TOMA-molecule, the hydrophilic N+-part can be approached better by water than in case of the TeOA-molecule with 4 relatively long alkyl chains.
Solubility of water in the LM-phase
Interfacial tension
The experimental results given in Table 2 also show that the presence of carrier molecules in the organic phase generally leads to a reduction in the interfacial tension against water because of the surface activity of the quaternary ammonium salts. The fact that TOMA lowers the interfacial tension more than TeOA, can be explained again by the larger interaction between water and TOMA than between water and TeOA as a result of the geometric structure of the carriers.
General discussion
From the different results it can be concluded that there are large differences in the stability of the SLMs depending on the composition of the membranes and somewhat on the composition of the aqueous phases. In agreement with observations in literature mentioned before, the instability effects can not be explained by the molecular solubility of LMcomponents into the water phase.
In view of the relatively small differences in viscosities of the different organic phases and the large differences in SLM-stabilities it is also concluded that there is no direct relation between the stability and the viscosity of the membrane phase. This means that the flow of the organic phase through the pores of the support, which depends on the viscosity of the liquid, is not the major factor which determines the stability of the SLMs.
There is some connection between the interfacial tensions and the instability effects. In general the LM-phases which have the highest interfacial tensions provide the most stable SLMs. But this relation is not unambiguous. These observations are in agreement with the conclusions of Takeuchi et al. [20] who could not formulate an explicit instability mechanism based on interfacial tensions.
SLM-failure
The results given in Table 1 clearly show that a large amount of solvent is removed after 6 days, especially from the SLMs having decanol and DBP as solvent and which show leakage of chloride ions within a couple of days (Fig. 4) . The other membranes, which did not fail, show appreciably less solvent removal. Apparently SLM-failure is induced by LM-removal and the extent of LM-removal appears to be determined predominantly by the choice of the solvent.
The fact that SLM-failure is the outcome of LM-removal is not so hard to understand when we realize that the LM-phase, which is removed from the pores, is replaced by the aqueous phase. A complete removal of LMphase from one of the pores will short-circuit the feed and the stripping phase. Once there is a continuous water path in the membrane this will lead to chloride leakage into the feed due to ion diffusion and to water transport through the membrane into the stripping phase as a consequence of the osmotic pressure difference between the two aqueous phases. But, from the point of view of the first observation of leakage, it appears that the transport of water is a consequence of SLM-instability and not the cause of LM-removal. The values of the solubility of water in the LM-phase show that there is no correlation between this property and the stability of SLMs. In view of these results the mechanism (as suggested in Refs. [ 18, 191) of LM-repulsion due to a transport of water as a consequence of the solubility of water in the LM-phase combined with an osmotic pressure difference can be seriously doubted. In any case it is necessary to have a continuous pathway for the aqueous phase in the LM-phase in order to create an effective osmotic pressure difference that could remove the LM-phase out of the pores based on convective, frictional effects. The quantities of water which dissolve into the LM-phase are so low that this is not very probable.
It is interesting to note from the results given in Figs. 2 and 3 that even when the counter transport factor deviates from one (and hence the membrane is leaking) the process of nitrate removal generally continues for some time before the nitrate concentration in the feed increases again by back diffusion from the stripping phase. This means that we are dealing with just a restricted breakthrough of the membrane, while the largest part of the membrane is still intact and keeps on functioning.
Permeability
It is conceivable that the permeation behaviour, as represented in Fig. 2 , will be influenced to a large extent by the ease of removal of the carrier from the membrane. The quantity of carrier removed from the membrane is determined especially by the structure of the carrier. It follows from Table 1 that the carrier TeOA (with a symmetrical structure) is removed from the membranes to a much smaller extent than TOMA.
From Fig. 2 it also appears that the nitrate fluxes are generally larger for a stripping phase of 4 M NaCl than for 0.5 M. On the one hand this is caused by an increased level of desorption of nitrate ions into the stripping phase (resulting in an increase in driving force for transport), while on the other hand the influence of the composition of the stripping phase on the SLM-stability also determines these differences. As can be seen in Table 1 always more carrier is removed from the membrane when 0.5 M NaCl is used in comparison with a strip concentration of 4.0 M NaCl. This effect also causes lower fluxes for the 0.5 M NaCl stripping phases.
It is remarkable (see Table 1 ) that the composition of the stripping phase has no special effect on the removal of solvent from the membrane. Only in case of decanol and DBP as solvents somewhat more solvent has been removed from the SLMs when a stripping phase of 0.5 M NaCl is used compared to a stripping phase with 4.0 M NaCl. Once again this is in contradiction with the mechanism in which osmotic pressure differences are believed to be the reason for the instability effects. Such a model predicts greater instability effects for a larger osmotic pressure difference over the membrane. The results however show that the opposite is true. Generally the SLMs are more stable when using a stripping phase with 4 M NaCl than with 0.5 M NaCl. Because of these results the influence of the composition of the aqueous phases on the stability of the SLMs is studied further [ 261.
Table 1 also shows that generally both solvent and carrier are removed from the border area to a lower extent than from the central area. An explanation for this difference might be that the LM-phase is removed from the central area and is partly replenished by LM-phase from the border by lateral diffusion through the pores of the support.
Finally, as will be shown in a following paper
[ 261, there are strong indications that the instability is caused by the formation of emulsions. While performing the determination of the solubility of water in the organic phases the formation of stable emulsions have been observed for several systems. The ease with which these emulsions were formed coincides to a large extent with the instability effects observed for the different SLM-systems. In Ref.
[26] this hypothesis is tested for the description of the degradation mechanism.
Conclusions
An onset to a systematic investigation of the instability mechanism of SLMs was performed by collecting information about instability effects of different SLMs. From the results of the experiments one can conclude that SLM-failure is induced to a great extent by solvent removal from the support and by the removal of the carrier from the membrane-phase. The first mentioned effect is determined predominantly by the type of solvent used whereas the second effect largely depends on the molecular structure of the carrier.
The instability effects are generally larger when a stripping phase of 0.5 M NaCl flows parallel to the membrane than when 4.0 M NaCl is used. Furthermore the removal of LM-phase from the central part of the membrane is generally larger than from the border area which is not in contact with the aqueous phases.
There is no direct relation between the instability effects of the liquid membranes and the viscosity of the LM-phases. There is some connection with the solubility of water in the organic phase and with the interfacial tension between water and the LM-phases but these relations are not unambiguous. The instability effects observed are in disagreement with the model of LM-repulsion due to an osmotic pressure difference over the membrane.
